Maltose-binding protein (MBP) is translocated across the cytoplasmic membrane of Escherichia coli; successful export depends on information in both the signal peptide and the mature moiety of the protein. To determine the shortest portion of the mature region that would maintain detectable entry of MBP into the export pathway, we took advantage of the properties of an MBP species with proline substituted in the +1 position relative to the cleavage site (MBP27-P). This protein efficiently crosses the cytoplasmic membrane but is not processed and acts as a competitive inhibitor of signal peptidase I (leader peptidase). Export of MBP27-P is measured by the inhibition of processing of other proteins, such as ribose-binding protein (RBP). A series of truncated derivatives of MBP27-P were tested for the ability to inhibit processing of RBP. An MBP27-P species with only 33 amino acids of the mature moiety inhibited processing of RBP, indicating that this truncated polypeptide was probably exported and interacted with signal peptidase I.
Most proteins that are secreted across the cytoplasmic membrane of Escherichia coli must have an N-terminal signal peptide that is removed after the successful initiation of translocation. In general, a signal peptide is required for, but does not guarantee, export (19) . Some attributes of the mature moiety following the signal peptide that also affect export have been identified. First, the entire protein must be able to assume an export-competent conformation, sometimes accomplished by interaction of the mature region with a chaperone, such as SecB (23) . Second, the distribution of charged residues in the early mature region can affect the early steps of export by changing the orientation of the signal peptide at the membrane (2, 22, 28, 29, (36) (37) (38) . Third, the structure of the early mature region may affect processing by signal peptidase I (9, 10, 16, 26) . Finally, release of the mature protein from the surface of the membrane is affected by residues in the mature moiety (11, 18, 20, 21, 25) .
It is not clear which portions of the mature moieties of secreted proteins contain additional information critical for directing export. For example, maltose-binding protein (MBP) and ribose-binding protein (RBP) are translocated only after 80 or 100%, respectively, of the protein is synthesized (30) . Alterations at position 19 of the mature moiety of MBP can suppress export defects caused by changes in the hydrophobic core of the signal peptide (3, 35) . Deletions within 15 or 28 amino acids of the processing site, but not affecting the C terminus of the protein, slow export of leucine-specific binding protein or LamB, respectively (1, 33) . These studies suggest an active role for the respective early mature moieties in export, although the presence of an additional large portion of each mature moiety may have affected export in these experiments.
In contrast, studies with internal deletion derivatives of 1-lactamase (27) The role of the mature moiety in export has also been studied by using fusion proteins that include the MBP or LamB signal peptide and a portion of the respective mature moiety fused at the N terminus of 3-galactosidase (5, 13) . These chimeric proteins begin the export process but become jammed in the cellular export machinery (7). A fusion protein including the signal peptide and approximately 15 amino acids of the MBP mature moiety crosses the cytoplasmic membrane only partially and inefficiently, whereas fusion proteins containing more of the MBP mature moiety initiate export more efficiently (31) . A potential complication in these experiments is the effect of the ,-galactosidase moiety on export. Distancing the 3-galactosidase moiety from the LamB portion of a similar fusion protein decreased the number of residues of the LamB mature moiety required to initiate export from 39 to 28 (6, 33) .
An alternative approach to identifying the minimal portion of the mature moiety of a secreted protein that is necessary for export is to study derivatives that are progressively truncated from the C terminus. Experiments examining the export of truncated MBP and 3-lactamase (the latter in Salmonella typhimurium) have indicated that one-third and one-half of these proteins, respectively, can support translocation and processing (11, 18, 20, 21) . These experiments relied on demonstrating protease sensitivity of the mature protein associated with intact spheroplasts. Processing of the precursor, a final step in export, has also been used to assay successful export. Both of these techniques require direct visualization of the protein, which can be impractical for very small or unstable MBP species. We took advantage of the unique properties of MBP27-P, an MBP species with a proline in the + 1 position relative to the normal signal peptide cleavage site (4) (24) .
Export of the progressively shorter MBP27-P species was measured by the ability of the MBP species to block processing of RBP (4) . Cells harboring derivatives of plasmid pGG25 were grown to mid-log phase in M63 minimal medium (24) supplemented with 0.2% glycerol and 25 ,ug of ampicillin per ml. Prior to induction of MBP expression, each culture was divided in half; MBP synthesis was induced in one half by the addition of 5 mM isopropylthiogalacto-q-D-pyranoside (IPTG). After 90 min, each culture was pulse-radiolabeled for 15 s with [35Slmethionine (1, 154 Ci/mmol; New England Nuclear, Wilmington, Del.) and then excess cold methionine was added. The reactions were terminated after a 1-min chase period by the addition of ice-cold trichloroacetic acid, and RBP was immunoprecipitated from solubilized cell extracts as previously described (34) . Processing of RBP was analyzed following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography (12) . Quantitation of precursor RBP and mature RBP species was done with an AMBIS Radioanalytic Imaging System; calculation of the percent mature RBP included adjustment for additional methionines in precursor RBP.
Processing of RBP was inhibited by the expression of MBP27-P species of 59 amino acids (including 33 amino acids of the mature moiety) or longer. In the absence of MBP expression, RBP was processed essentially to completion within a 1-min chase period (Fig. 1) . RBP processing was inhibited by induced synthesis of MBP27-P species with a total of 212, 127, or 59 residues (186, 101, or 33 amino acids of the mature moiety, respectively), albeit to a lesser extent than by induced synthesis of full-length MBP27-P ( Fig. 1 and data not  shown) . The decrease in inhibition was likely due to instability of the truncated MBP27-P species. MBP27-P with a total of 212 amino acids was visible in autoradiographs from pulsechase experiments but was clearly unstable, and repeated attempts to visualize shorter MBP27-P species were unsuccessful (data not shown). In addition, the inhibition of RBP processing by synthesis of MBP27-P with a total of 59 amino acids did not increase substantially over time, as with synthesis of full-length MBP27-P, suggesting that there was less accumulation of the truncated protein in the membrane (data not shown). However, we cannot definitively rule out other causes for the decrease in the inhibition of RBP processing by truncated MBP27-P species, such as slightly decreased export or release of the truncated proteins from the membrane. No inhibition of RBP processing was detected when MBP27-P species with fewer than 33 amino acids of the mature moiety were synthesized (Fig. 1) . We cannot state for certain if these MBP27-P species did not enter the export pathway, were exported and not recognized by signal peptidase I because of structural changes or release from the membrane, or simply were too unstable to be detected by this assay.
The approach of using truncated MBP27-P species allowed us to eliminate any potential effects of downstream sequences on export and decreased the likelihood of inhibition of export by protein folding. Although we cannot conclusively rule out the possibility that the truncated proteins blocked the export of RBP at a step prior to processing, we believe that the inhibition of RBP processing most likely reflects an interaction of the truncated MBP27-P species with signal peptidase I, as demonstrated in our previous study of full-length MBP27-P (4). Our results show that 33 amino acids of the mature moiety of MB? contained sufficient information to at least initiate export and probably orient the signal peptide with regard to the membrane, internct with the secretion machinery (including signal peptidase I), and extend the loop structure proposed to cross the membrane during export (17) .
